Micromagnetic studies on exchange coupled composite recording media
Magnetite, Fe 3 O 4 , has a high Curie temperature ͑858 K͒ ͑Ref. 1͒ and is predicted to be a half-metal with unique negative spin polarization. 2, 3 A large inverse tunneling magnetoresistance ͑TMR͒ effect ͑higher resistance when magnetizations are parallel͒ should therefore be observed at room temperature ͑RT͒ in magnetic tunnel junctions ͑MTJs͒ having one Fe 3 O 4 electrode and one ferromagnetic threedimensional ͑3D͒ metal electrode. Many previous studies of such MTJs, however, found them to have only small MR ratios ͓from −1.2% ͑Ref. 4͒ to 14% ͑Refs. 5 and 6͔͒, and even the sign of the ratio remains controversial. These unexpectedly small negative MR ratios may be due to the difficulty of preparing Fe 3 O 4 /insulator interfaces. An earlier study experimentally investigating fully epitaxial Fe 3 O 4 / MgO / CoFe MTJs with MgO barrier layer grown at RT obtained a MR ratio of −14% at 293 K. 7 Although this negative MR ratio is the largest RT value that has been reported, in that study, normal MTJs with positive MR ratios up to 10% were also found on the same wafer. Because the sign of the MR ratio is affected by other iron oxides in the vicinity of the interface, such as ferromagnetic ␥- The surface roughness of the films was measured using atomic force microscopy in which the scanning area was 1 ϫ 1 m 2 . The magnetic hysteresis loops were measured using a vibrational sample magnetometer. MTJs with a 3 ϫ 12 m 2 contact area were fabricated using conventional photolithography and Ar ion milling. The MR of MTJs with a large resistance-area product RA was measured at RT using a two-probe method under magnetic fields of up to 2.0 kOe, and that of MTJs with a small RA was measured at RT using a four-probe method under magnetic fields of up to 1.0 kOe. The magnetic fields were applied in the film plane along the ͗110͘ direction of Fe 3 O and the currents were passed perpendicular to the magnetic field. Figure 1͑a͒ shows the relation between RA and MR ratio for Fe 3 O 4 / MgO͑5 nm͒ / Al 2 O 3 ͑1 nm͒ / CoFe MTJs whose MR at 293 K ͑RT͒ was measured at a bias voltage of 50 mV using the two-probe method ͑ and ᮀ show values for different lots͒. The MR ratio ranged from −26% to 18% and the RA ranged from 10 6 to 10 11 ⍀ m 2 . The MR ratio tends to change from positive to negative as RA increases, and this tendency was reproducible. As in a previous study, 7 there is a clear correlation between the MR ratio and RA.
A typical inverse MR curve obtained at RT is shown in Fig. 1͑b͒ , where the largest inverse MR, −26%, is almost twice as large as the largest RT inverse MR ratio reported previously. 7 The MR curve is asymmetric, which can be explained by the measured magnetization-versus-field curve ͑on the same multilayer film before MTJ fabrication͒ ͓Fig. Figure 1͑c͒ shows normal MR with a MR ratio of 18%, which is the largest RT normal MR ratio reported to date. The normal MR pattern is asymmetric, consistent with the magnetization-versus-field curve shown in Fig. 1͑d͒ , but the changes in MR are abrupt and those in the magnetizationversus-field curve are gradual. The normal MR tended to be overlapped by noise and was unstable at high bias voltages. The normal MR is thought to be a result of electron transport via imperfections at the barrier/electrode interface. Since the MR ratio decreases with increasing bias voltage, one of the reasons the MR ratios obtained for inverse and normal TMR in the work reported here are larger than those obtained in our previous study 7 might be the lower bias voltage ͑50 mV, whereas in the previous study, 200 mV was used because high bias voltages were necessary to get TMR curves with less noise͒. Since interface roughness is known to affect the TMR effect, 8 another reason for the larger MR ratio in the present study might be that an amorphous Al 2 O 3 layer is smoother than a MgO͑111͒ layer. The average surface roughness R a and peak-valley distance of Fe 3 RT did not, the crystalline quality of MgO was remarkably improved by the mild heat treatment. This suggests that in the interface region, the density of imperfections causing the spin reversal was reduced. The largest MR ratios for inverse MR were measured at a bias voltage of 10 mV using the four-probe method. One sees in Fig. 2͑b͒ that at RT ͑where the RA was 1.2ϫ 10 6 ⍀ m 2 , the MR was 33 k⍀, and the electrode resistance r was 4 k⍀͒, the MR ratio was −8%, that at 150 K ͑where the RA was 5 ϫ 10 7 ⍀ m 2 , the MR was 1.4 M⍀, and the r was 78 k⍀͒, the MR ratio was −23%, and that at 110 K ͑where the RA was 5 ϫ 10 8 ⍀ m 2 , the MR was 13 M⍀, and the r was 9 M⍀͒, the MR ratio was −20%. When the temperature was reduced to 110 K, the MR curve became much noisier and the switching field increased. The inverse MR ratio tends to increase with decreasing temperature and it is largest at 150 K.
The relations between bias voltage V and the MR at RT and at 150 K are shown in Fig. 3͑a͒ , where the symmetry of the MR-V curves and the rapid change in MR ratio with changing bias voltage are evident. The MR ratio was positive when ͉V͉ Ͼ 1 V and was negative when ͉V͉ Ͻ 1 V. Figures  3͑b͒ and 3͑c͒ show that inverse TMR with a MR ratio of −1.2% was observed when the bias voltage was 0.5 V and that symmetrical normal MR with a MR ratio of 0.45% was observed when the bias voltage was 2.5 V.
The normal MR curve obtained at 2. The TMR effect decreased with increasing bias voltage of up to 1 V, and then the AMR started to appear with further increase of the bias voltage because nontunneling current appeared. The results show that the sign of a MR ratio due to TMR does not change with changing bias voltage.
In conclusion, the work reported in this letter showed that Fe 3 
